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ABSTRACT. The p r i n c i p l e  and block diagram of 
instrumentat ion f o r  on-board measurements of t h e  
energy spectrum of ion  species  $, ~ e +  and ~ e f l -  
i n  space a r e  given. This ion  spectrometer cons i s t s  
of an e l e c t r o s t a t i c  analyzer and magnetic analyzer 
wi th  permanent magnet. For t r ansmi t t ing  s p e c i f i c  
ions  they a r e  accelera ted  o r  decelerated before 
en te r ing  the  magnetic analyzer. The vol tage  applied 
corresponds t o  the  energy s t e p  of thae e l e c t r o s t a t i c  
analyzer and t o  the  ion species .  Open e l e c t r o n i c  
m u l t i p l i e r  i s  used as  the  ion  detec tor .  The counting 
r a t e  of t h e  secondary m u l t i p l i e r  is  measured by a 
logari thmic intensimeter .  For a high counting rate, 
t h i s  i s  done by a current  amplif ier .  

For lower energies  the  energy reso lu t ion  of t h e  
instrumentat ion is determined by t h e  e l e c t r o s t a t i c  
analyzer,  a t  h igher  energies ,  i t  is determined by t h e  
magnetic analyzer. Both ca lcu la ted  and measured 
c h a r a c t e r i s t i c s  of t h e  device a r e  given and agree 
s a t i s f a c t o r i l y ,  

The f i r s t  sys temat ic  measurements of t h e  s p e c t r a  of s o l a r  wind ions  

detec ted  t h e  exis tence  of two components i n  t h e  plasma stream which were 

pre l iminar i ly  i d e n t i f i e d  a s  proton and a-components [ l ] .  Subsequent mea- 

surements wi th  t h e  a i d  of e L e c t r o s t a t i c  analyzers of var ious  types established 

. t h e  f a c t  t h a t  t h e  exis tence  s f  secondary maxima i n  t h e  energy spec t ra  i s  a 

r a t h e r  normal phenomenon [ 2 ,  31. Since t h e  e l e c t r o s t a t i c  analyzer,  which 

performs p a r t i c l e  s e l e c t i o n  according t o  E/Q (E is t h e  energy, and Q i s  the 

charge), does not  d i f f e r e n t i a t e  p a r t i c l e s  wi th  d i f f e r e n t  m/Q, t h e  

* 
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i n t e r p r e t a t i o n  of t h e  s p e c t r a  was made on t h e  assumption of equa l i ty  i n  t h e  

mass r a t e  f o r  t h e  d i f f e r e n t  ions i n  t h e  plasma stream. Under the  r a r e  

condit ions of low plasma temperature, r e so lu t ion  of severa l  ion  coqonen t s  

was achieved [4 ]  (Figure 1 ) .  However, i n  t h e  majori ty of cases i n  t h e  i n t e r -  

p lanetary  medium and always i n  t h e  Ear th ' s  magnetosphere and i n  t h e  t r a n s i t i o n  

region,  t h e  energy spectrum of t h e  p a r t i c l e s  i s  very wide, and i t  does n o t  

appear t o  be  poss ib le  t o  resolve  t h e  various ions  i n  t h i s  case. The 

necess i ty  f o r  separa te  measurements of t h e  energy s p e c t r a  of various i o n  

components of the  plasma i n  space has l e d  t o  at tempts t o  produce sgectro-  

meters capable of p a r t i c l e  s e l e c t i o n  simultaneously i n  e l e c t r i c  a n d  mametic 

f i e l d s  [ 5 ] ,  o r  only i n  an e l e c t r o s t a t i c  f i e l d  with determination of t h e  

average charge of t h e  p a r t i c l e s  by a double de tec to r  ( p a r t i c l e  count + 
c o l l e c t o r )  [ 6 ] .  

A combination spectrometer i s  described i n  t h e  present  paper i n  .which, 

subsequent t o  p a r t i c l e  ana lys i s  according t o  E/Q i n  a c y l i n d r i c a l  e l ec t ro -  

s t a t i c  analyzer,  the  s e l e c t i o n  of p a r t i c l e s  according t o  m/Q is  c a r r i e d  out  
-I.' i n  t h e  f i e l d  of a permanent magnet. An accelerating o r  decelera t ing 

p o t e n t i a l  i s  applied t o  t h e  d r i f t  tube and the  magnet, s o  t h a t  p a r t i c l e s  
i with t h e  des i red  r a t i o  m/Q acquire  an energy E (more exac t ly ,  the  s p e c i f i c  
m 

impulse mv/Q) which is necessary t o  c ross  t h e  magnetic f i e l d  region. and 

s t r i k e  t h e  e x i t  diaphragm of t h e  d r i f t  tube 173. The spectrometer i s  

intended f o r  separa te  recording of proton s p e c t r a  and t h e  s p e c t r a  of s ingle-  

charged and double-charged H e  ions  [&, 91. 

The de tec t ing  device u n i t  (Figure 2) includes a col l imator  w i t h  a 

system of g r i d s ,  an e l e c t r o s t a t i c  analyzer wi th  a l i g h t  t r a p ,  a pemment 

magnet with a d r i f t  tube, a system of screen g r i d s  with a diaphragm, ;and 

an ion detec tor .  

The system of g r i d s ,  which is  mounted i n  t h e  colf imator,  is intended 

t o  r e f l e c t  t h e  low-temperature plasma wi th  a p a r t i c l e  energy below 30 eV, 

The p l a t e s  of the  q y l i n d r i c a l  e l e c t r o s t a t i c  analyzer have a c e n t r a l  mgle 







of 127O. The p l a t e s  a r e  covered wi th  b lack gold i n  order  t o  decrease the 

inf luence  of u l t r a v i o l e t  r ad ia t ion  on t h e  detec tor .  The ou te r  p l a t e  i s  

made p a r t l y  of a g r i d  t o  transmit  the  major f r a c t i o n  of t h e  rad ia t ion  i n t o  

t h e  l i g h t  t rap .  

A uniform t ransverse  magnetic f i e l d  is  produced i n  the  spectrometer by 

a permanent s e c t o r  magnet i n  which t h e  f i e l d  i n t e n s i t y  i n  t h e  gap amounts %Q 

about 1300 gauss. The appl ica t ion of a permanent magnet and a d r i f t  tube 

ins tead  of an electromagnet i s  a r e s u l t  of t h e  need t o  lower the  required 

power. For t h e  s e l e c t e d  radius of revolut ion of t h e  p a r t i c l e s  i n  the lslagraet 

(Ro = 6 cm), and under t h e  condit ion of p a r t i c l e  incidence on t h e  d e t e c t o r ' s  

ent rance  window, the  energy of protons,  a-par t ic les ,  and single-charged 

helium ions ,  E; should be 3.0, 3.0, and 0.75 keV, respect ively .  An acceler- 

a t i n g  o r  decelera t ing p o t e n t i a l ,  which i s  a function of t h e  energy s f  the 

ions  t o  be s e l e c t e d  &d t h e i r  m/Q, is applied t o  t h e  d r i f t  tube, whose entraace 

and e x i t  windows a r e  fabr ica ted  of a g r i d  wi th  a high degree of t r a n s ~ s s i d t y .  
i Thus, p a r t i c l e s  with an energy less than E acquire  a supplementary mergy,  
m 
i 

and p a r t i c l e s  wi th  an energy g r e a t e r  than E a r e  decelera ted ,  and acquire m 
1 

an energy c lose  t o  E A change i n  t h e  spectrometer opera t ional  condit ions 
m0 

from recording t h e  s p e c t r a  of ions  of one type t o  those of another type is  

accomplished by switching t h e  sources which supply t h e  p l a t e s  of the  electso--  

s t a t i c  analyzer and t h e  d r i f t  tube. 

P a r t i c l e s  with an equil ibriuin t r a j e c t o r y  i n  t h e  analyzer e n t e r  and 

e x i t  from the  magnetic f i e l d  along t h e  normal t o  t h e  po lesP  boundary,. Tne 

loca t ion  of t h e  de tec to r  is s e l e c t e d  according t o  Barber's focusing rule, 

A VEU-1B secondary e l e c t r o n  m u l t i p l i e r  (SEM) with  t h e  f i r s t  ltwo dynodes 

gold-plated t o  inc rease  t h e  s t a b i l i t y  and uniformity of t h e  su r face  w o r k  I 5  - 
function is  used i n  t h e  spectrometer a s  t h e  i o n  d e t e c t o r  [ lo ] .  A m u l t i p l i e r  

supply vol tage  of un = -4.1 k ikovol ts  is applied t o  t h e  S i r s t  dynode, a d  

the  anode i s  connected t o  t h e  common busbar through a load r e s i s t o r  in order 
I 



t o  increase  t h e  e f f i c i e n c y  of recording ions  t o  50-60%. A system o f  g r i d s  

i s  s e t  up i n  f r o n t  of t h e  de tec to r  t o  screen i t  from t h e  d r i f t  tube 's  

e l e c t r i c  f i e l d .  

The use of p ro tec t ive  measures agains t  u l t r a v i o l e t  r a d i a t i o n  i n  the 

c y l i n d r i c a l  analyzer and the d r i f t  tube, i n  combination wi th  a general  

r o t a t i o n  of t h e  ion  beam i n  t h e  spectrometer by 180°, weakened t h e  ultraviolet 

r a d i a t i o n  (according t o  measurements with t h e  a i d  of a PRK-4 mercuq-quartz 

lamp) by more than t e n  orders  of magnitude, For t h i s  reason, t h e  spectra-- 

meter i s  a b l e  t o  operate wi th  t h e  d i r e c t i o n  of i ts  entrance windawvs; a x i s  

aimed d i r e c t l y  a t  the  Sun [ l l ] .  

The c i r c u i t  f o r  sampling s i g n a l s  f o r  t h e  de tec to r  i s  construc6sed on 

t h e  p r i n c i p l e  of pu l se  current  (charge) amplif icat ion.  Recording of the  

s i g n a l s  i s  ca r r i ed  o u t  by a logar i thmic  average pulse-rate meter (N = 10- 

100,000 pulses /sec) . I n  addi t ion ,  a constant-current ampl i f i e r ,  whose 

measurement range p a r t i a l l y  overlaps t h e  measurement range of t h e  rate mter, 

is  connected simultaneously with the  pulse  r a t e  recorder  t o  t h e  anode of 

t h e  secondary e l e c t r o n  mul t ip l i e r .  Both recorders provide a measurement s f  

the  frequency of s i g n a l s  en te r ing  from the  de tec to r  i n  t h e  range of 10 t o  
6 5 x 1 0  pulses/sec.  

The energy reso lu t ion  and the angle of view of  t h e  e l e c t r o s t a t i c  

analyzer i n  t h e  plane perpendicular  t o  the  plane of t h e  p l a t e s  a r e  d e t e d n e d  

by t h e  col l imator  and a r e  about 8.5% and so ,  respect ively .  The energy 

reso lu t ion  e P  of t h e  e l e c t r o s t a t i c  analyzer f o r  a wide p a r t i c l e  beam i s  
A l5t/ 0' determined by the  relationship&'= 2 Y - e Since the  ion  energy Em 
0 /& 

i n  t h e  magnet, because of decelera t ion o r  acce le ra t ion ,  is adjusted t o  be 

independent of t h e  energy of t h e  inc iden t  ions  ( f o r  ions  of a given k i n d ) ,  

r e so lu t ion  a t  t h e  ent rance  of the  magnetic s e l e c t o r  w i l l  be e q u d  

f o r  ions  of a given type. Incidence of the  ions  on the  entrance 

window of t h e  secondary e l e c t r o n  m u l t i p l i e r  is a necessary condit ion f o r  

recordingtheionswhichpass through themagnet ,  I t i s p o s s i b l e  t o o b t d n  



the  ' l imi ta t ion  imposed by the  magnetic s e l e c t o r  on the  width of t h e  t r a s -  

mitted ion energy range i f  one knows the  width (diameter) of t h e  s e c o n d a n  

e l e c t r o n  m u l t i p l i e r ' s  window and the  radius  %O of an ion ' s  equil ibrium 

t r a j e c t o r y  i n  t h e  magnet. Taking i n t o  account the  f a c t  t h a t  the  p a r t i c l e s  

a r e  focused a t  the  secondary e lec t ron  m u l t i p l i e r ' s  entrance window, we used 

t h e  well-known r e l a t i o n s  23 A-L'~ a n d  &$ = --. . from which w e  
a EN - v/ 

obtain:  &?$-=, . . gb-3 
2 ~m & .  

Since AE upon entrance i n t o  t h e  magnet is  determined by the  e lec t ro -  

s t a t i c  analyzer,  the  condit ion f o r  the  secondary e lec t ron  m u l t i p l i e r  to 

record the  ions when t h e  e n t i r e  beam, having passed through the  e l e c t r o s t a t i c  

analyzer,  is  inc iden t  upon t h e  d e t e c t o r ' s  entrance window, i s  found from the 
- d 23 

expression: -r*- 4- . I f ,  upon an increase  i n  t h e  energy of recorded e; Rra. .,.% 
ions ,  a  p a r t  of the  ions IS s c a t t e r e d  i n  t h e  magnet 'and i s  no t  inc ident  on 

t h e  de tec to r ' s  ent rance  window, t h e  t o t a l  energy reso lu t ion  E of t h e  device 

w i l l  be  lowered because of a  decrease i n  t h e  t o t a l  s e n s i t i v i t y .  TIntls, the 

dependence of the  device 's  energy reso lu t ion  on t h e  energy has two parts:  - 
the  region from E 4 E'h- ' 

min to E l i m 9  
where &r = - = 

Ed. - 

The dependence of t h e  energy reso lu t ion  on t h e  energy of t h e  recorded 

p a r t i c l e s  obtained f o r  single-charged ions  of helium i s  presented i n  Figure 

3. It i s  obvious from the  graph t h a t  the  experimental and ca lcula ted  

dependencies of t h e  energy reso lu t ion  f o r  D = 2 cm, EMo = 6 cm, and 

0.64 keV agree with one another w e l l  enough. 

The r e l a t i o n  between t h e  d e f l e c t i n g  vol tage  and t h e  ion  energy f o r  the 

s e l e c t e d  r a d i i  of t h e  p l a t e s  of t h e  e l e c t r o s t a t i c  analyzer (5.55 and 6.45 cm) 
+ n R  i s  U - =  8" 

= o , I s ~ ,  where AR i s  t h e  gag between t h e  plates, 
PI G ° -  

and R is  t h e  r a d i u s  of an equi l ibr ium t r a j e c t o r y .  The l i m i t i n g  values sf 

the  energies of t h e  p a r t i c l e s  recorded are Emin = 0.15 keV and Em= = 4.0 

keV f o r  protons, Emin = 0 . 6  keV and Emax = 16 keV f o r  ~ e *  ions ,  and Emin = 
9 0.6 keV and Emax = 8 keV fo r  He  ions.  



Figure 3. Energy reso lu t ion  of t h e  device: + 
1 - experiment; 2 - ca lcu la ted  dependence f o r  He  ions.  

1 A program of measurements by t h e  spectrometer cons i s t s  of the  f a l lw ing :  
4-l- 

temporal cycles of s p e c t r a l  d i s t r i b u t i o n  measurements f o r  protons,  He ions, 
+ 

protons,  H e  ions ,  and s o  on. Measurements every s i x t e e n  degrees (steps) 

a r e  ca r r i ed  out i n  each measurement cycle. The value  of  a s i n g l e  degree ore 
fb 

t h e  energy s c a l e  amounts t o  0.24 keV f o r  protons,  Q1 keV f o r  H e  ims, and 
+ 

E 0.46 keV f o r  He  ions.  S h i f t i n g  the  opera t ing condit ions of  the 
'i'r x -  / 7 - 

device from one s t e p  t o  t h e  next is accomplished wi th  t h e  a i d  of a t e s n a l  
-1 

synchronizing pulses wi th  a frequency of f - < 1 s e c  Ind ica t ion  of  the s t e p  

number and t h e  measurement cycle i a  accomplished from vol tage  pulses  i n  the 

form of a square wave wi th  a frequency f i n  recording protons,  1/2 f i n  
-0-l- recording ~ e +  ions ,  and 1 /4  f i n  recording H e  ions.  



I n  t h e  case of normal incidence of a ~ i d e ~ x t f c l e  beam, the  range of 

measurable p a r t i c l e  f luxes  is determined by the  a r e a  of the  c o l l i m a t s r B s  

entrance window (0.51 x 1.20 cm) and t h e  m u l t i p l i e r ' s  recording e f f i c iency .  

I n  addi t ion ,  a decrease i n  t h e  ion  recording e f f i c iency  occurs f o r  high- 

energy ions a s  a r e s u l t  of defocusing of t h e  beam at  t h e  entrance t o  the 

d r i f t  tube and i n  t h e  magnet. 

The measurement range f o r  t h e  se lec ted  entrance window a rea  S and record- 

ing  e f f i c iency  u can b e  determined from t h e   expression^ = a/ where 

Q i s  the  f l u x  densi ty  i n  part iclqs/sec*cm2; Q is  t h e  device 's  s o l i d  angle; 

N is  the  measured frequency from t h e  de tec to r  i n  pulses/sec;  and T-I i s  the 

transmission f a c t o r  of t h e  analyzing system from t h e  entrance window to the 
2 detector .  Thus, f o r  S = 0.61 cm , S2 2 7 x 1 0 ~ ~  s t e r a d ,  ii % 0.55, n 2 0.5, - 

and the  ind ica ted  range s f  frequencies t o  b e  recorded, t h e  measurement r a g e  

based on t h e  spectrometer  f l u x  densi ty  l ies wi th in  t h e  l i m i t s  from 8 x LQ 3 
9 t o  4 x 10 particles/sec-cm2*sterad at t h e  device energy window. 

Coupling of the vol tages  on t h e  de f lec t ing  p l a t e s  and the  d r i f t  tube  

was one of  t h e  main d i f f i c u l t i e s  i n  adjustment of t h e  spectrometer, The 

dependencies of t h e  frequency of t h e  de tec to r  s i g n a l s  on t h e  d r i f t  tube 

vol tage  were measured experimentally f o r  each value  of t h e  vol tage  on the 

d e f l e c t i n g  p l a t e s  t o  inc rease  t h e  i n s t a l l a t i o n  accuracy, and only then was; 

t h e  f i n a l  s e t t i n g  of vol tages  c a r r i e d  out  (Figure 4) .  

I n  conclusion, i t  should b e  noted t h a t  upon appropr ia te  a d j u s t m a t s  

the  spectrometer  can b e  used f o r  recording heav ie r  ions.  
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